To investigate the ultrastructural changes, X-ray microanalysis and leakages of protein and lipids from bacteria treated with the ethanolic extract of Acacia mearnsii. The ultrastructural changes were investigated using scanning electron microscope (SEM). The X-ray microanalyses were determined using electron dispersive spectroscopy (EDS) while the protein and lipid leakages were determined spectrophotometrically. The scanning electron microscopy indicated varied ultrastructural changes in the morphology of bacterial cells treated with the ethanol extract. The X-ray microanalysis showed significant differences between the elemental contents of extract-treated and broth-cultured and untreated bacteria strains. Lipids and proteins were leaked to a greater extent from the extract-treated bacterial strains in comparison with the broth-cultured and untreated ones used as controls. The possible antibacterial effects of the ethanol extract of A. mearnsii could be inhibition of a significant step in peptidoglycan assembly, inhibition of metabolic processes as well as the cell wall and cell membrane disruptions resulting in the efflux of lipid and protein in all the bacteria tested. This is a report identifying elemental components and associating their disintegrations in bacterial isolates with the antibacterial activities of medicinal plants. While ethanol extract of A. mearnsii caused ultrastructural changes, breakdown of elemental components into different elements and leaked lipid and protein from treated bacteria, the physiological damages to the cell wall further justify the bactericidal ability of the extract.
INTRODUCTION
Medicinal plants are of significant importance because of their roles in the treatment of microbial infections. They have provided a good source of anti-infective agents and many of them remain highly effective in the fight against microbial infections. They are the richest bioresource of drugs for folkloric medicine, modern medicines, pharmaceutical intermediates and chemical entities for synthetic drugs [1] . Their antibacterial activities as indicated by their minimum inhibitory concentration (MIC index ) index against any given pathogen are important in defining the nature of their antibacterial effects. The antibacterial effects, however, depend on the nature and types of phytochemicals present in the plant materials, extract preparation, solvent used and the susceptibility of test bacteria [2] while the variation in different bacterial susceptibility depended on the presence of intrinsic levels of tolerance to antimicrobials in the tested microorganisms [3] and the structural physiology of the bacterial cell wall.
Pharmacologically, phytochemicals exhibit a wide range of biological effects and contribute to the anti-inflammatory, anti-bacterial and anti-fungal properties of plants [4] . They have protective or disease preventive activities [5] , modulate ion channel activity of bacterial cell membrane by increasing permeability [6] and may acts as permeability enhancers that decreases or removes extracellular layer resistance reversibly and allow anti-infective agents to pass through bacteria membrane [7] . Its interaction with bacterial cytoplasmic membrane might lead to disruption of membrane structure resulting in dissipation of the transmembrane potential and eventual cell death by forming channels or pores that are proposed to lead to the leakage of cell contents and cell death [8] . While some phytochemicals bind physiologically to cell walls interfering with the ability of pathogens to bind to cell receptors 9,10] and some of them are particularly targeting drug-resistant bacterial strains [11, 12] , some plant natural products are reported to modulate or modify bacterial resistance [13] [14] [15] .
Acacia mearnsii De Wild. (Fabaceae) is a member of the genus Acacia. It is considered a wild and a notorious plant because of its ability to compete with indigenous plants and populate a large expanse of land sporadically. It was introduced into South Africa over 150 years ago basically for its high tannin contents [16] and Olajuyigbe and Afolayan [17] [18] [19] reported that A. mearnsii is a medicinal plant of ethnobotanical and pharmacological importance. Sequel to these earlier reports indicating significant antibacterial activities, investigating the potential effects of the crude extract of A. mearnsii becomes imperative to establish the possible means through which it produces an effect on different bacterial strains. Hence, this study was designed to determine the ultrastructural changes, X-ray microanalysis and leakages from some selected bacteria as the possible means through which the ethanolic extract of this plant exert its antibacterial effects.
MATERIALS AND METHODS

The bacteria used for the study
The bacteria used in this study included Escherichia coli ATCC 8739, Shigella flexneri KZN, Proteus vulgaris ATCC 6830, Staphylococcus aureus ATCC 6538 and Bacillus pumilus ATCC 14884. These organisms were obtained from the Department of Biochemistry and Microbiology, University of Fort Hare, Alice, South Africa.
Collection and preparation of plant material
The bark materials of the Acacia mearnsii De Wild were collected from the plant growing within the University of Fort Hare campus in Alice, South Africa. The plant was authenticated by Prof. D.S. Grierson in the Department of Botany and a voucher specimen (OLAJ Med 2010/01) was prepared and deposited in the Griffen Herbarium of the University. The bark sample was air-dried at room temperature and pulverized using a milling machine. To prepare the bark extract, about 100 g of the pulverized sample was extracted with 500 ml of ethanol for 48 h with shaking (Stuart Scientific Orbital Shaker, UK). The extract was filtered through Whatman No. 1 filter paper and concentrated under reduced pressure at 40 o C using a rotary evaporator (Laborota 4000 -efficient, Heldolph, Germany). The crude extract collected was allowed to dry at room temperature to a constant weight. The extract was redissolved in ethanol before being diluted with sterile distilled water to the required concentrations for bioassay analysis. The extract solution for bioassay analysis was sterilized by filtering through 0.45 ìm membrane filter and tested for sterility by introducing 2 mL of the extract into 10 mL of sterile nutrient broth before being incubated at 37 o C for 24 h. Absence of turbidity in the broth after the incubation period showed that the extract was sterile.
Determination of the effect of ethanolic extract on cell morphology
The minimum inhibitory concentrations of the extract were determined by the macrobroth dilution methods [20] . The inoculum of each test strain was standardized at 5 × 10 6 CFU/mL using McFarland Nephelometer standard. The ethanol extract was serially diluted with Mueller Hinton broth to give final concentrations of 0.0195 mg/ ml to 10 mg/ml. The tubes were inoculated with 100 ìL of each bacterial suspension. The tubes were incubated at 37°C for 24 h. The MIC was the lowest concentration of the extract that yielded no visible growth after the incubation [21] .
For the determination of the effects of the extract on cell morphology, one milliliter of each of the adjusted bacterial culture was added to 9 mL of the plant extract at 4 X MIC and kept at laboratory temperature (28 o C) for 2 h. Bacterial isolates cultured in broth without the extract, considered as untreated bacteria and used as controls, were prepared in Mueller Hinton broth medium and incubated for the same period of time. The bacterial cells were harvested by centrifuging at 10000 rpm for 10 min and subsequently washed three times with phosphate buffer (pH 7.2). The bacterial pellets were resuspended in 2.5% glutaraldehyde and kept for 2 h to fix the bacterial cell. The fixed bacterial cell suspensions were centrifuged at 10000 rpm for 10 min, washed and re-suspended in buffer (pH 7.2) from where the cells were then deposited on a 0.45-µm-pore-size membrane filter (Schleicher & Schuell, Dassel, Germany). The bacterial cells on the membrane filters were dehydrated with a graded series of acetone/water washes (20%, 50%, 70%, 90% and 100% acetone) to gradually remove water from the cells without physical damage. The dehydrated bacterial cells were mounted on a stub and allowed to dry before being sputtered with a small amount of gold/palladium (Ione coater: EIKO IB.3) to avoid charging in the microscope. Microscopy was performed with a JEOL JSM-6390LV Scanning Electron Microscope (Japan). Five different secondary electron images were taken with an accelerating voltage of 15 kV to assess the ultrastructural changes in each of the bacterial strains.
Energy Dispersive spectroscopy (EDS) of the bacterial cells
To determine the influence of the extract on the elemental components of the bacteria cells, a beam of electrons was focused on extract-treated and broth-cultured, harvested and untreated bacterial cells to scan the cells at three different field of view or points where examination of its elemental composition was desired. The detection and determination of elements with the EDS was based on the emission of characteristic X-rays by the bacteria cells under bombardment with electrons using JEOL JSM-6390LV Scanning Electron Microscope equipped with Electron Dispersive Spectroscope. The dispersed spectra produced a pattern of X-rays characteristic of the element excited. Only the most intense emissions, the so-called K2 and Ká lines, were analyzed with the spectrometers [22] .
Determination of Lipid leakage from bacteria cells
Phospho-vanillin was prepared as previously described by Frings and Dunn [23] . Vanillin (0.6 g) (Sigma Chemical Co., St. Louis, Mo. 63118) was dissolved in 10 ml of absolute ethanol before diluting to 100 mL with distilled water. This solution was mixed with 400 mL of concentrated phosphoric acid with constant stirring before being stored at room temperature in a brown bottle. The lipid leakage assay was carried out as described by Van Handel and Day 24 and Kaufmann and Brown [25] . Briefly, bacterial cells were harvested from an overnight broth culture by centrifuging at 10000 rpm for 10 min. The harvested cells were used to prepare 10 6 CFU/mL. The standardized cell suspension was treated with MIC and 2 X MIC of the extract and the samples were incubated at 37 o C for 120 min. After incubating at 37 o C for 30 min, each cell suspension was sampled at 30 min interval and centrifuged at 10000 rpm for 10 min. Sulfuric acid (0.2 mL) was added to a replicated small portion of the supernatant (10 µL) in tubes and heated in water bath for 10 min at 100 o C. Vanillin-phosphoric acid reagent was added to the mixture before being removed from water bath, vortexed and allowed to cool while the optical density was measured at 525 nm. The concentration of lipid leakage was estimated from linoleic acid standard curve used as standard.
Determination of Protein leakage from bacteria cells
To determine the leakage of intracellular materials from the cells, the bacteria cells were treated with the 1 x MIC and 2 x MIC of the extract and the samples were incubated at 37 o C for 120 min. Immediately the bacteria was introduced into the extract solutions and at an interval of 1 h incubation period, 1 mL of the bacteria-extract mixture was centrifuged at 10000 rpm for 10 min. Ten microlitre (10 µL) of the supernatant was dispensed into 96 -well microtitre plate and 250 µL of Bradford's reagent was added. The mixtures were incubated at room temperature for 15 min with intermittent shaking. The amount of protein released from the cells was determined spectrophotometrically at 525 nm by the method of Bradford [26] . The concentrations of protein leaked were extrapolated from Bovine Serum Albumin (BSA) which was used as a standard.
Statistical analysis
Data were expressed as means ± standard deviations (SD) of three replicate determinations and then analyzed by SPSS V.16 (Statistical Program for Social Sciences, SPSS Corporation, Chicago, IL). One way analysis of variance (ANOVA) and the Duncan's New Multiple-range test were used to determine the differences among the means. p values < 0.05 were regarded to be significant.
RESULTS
The minimum inhibitory concentrations (MIC) of the extract against bacterial isolates ranged between 0.078 mg/ml and 0.313 mg/ml as shown in Table 1 . Also, the ethanol extract of A. mearnsii had varied effects on the ultrastructures of the individual cells. In Figures 1 -5 , all the broth-cultured, harvested and untreated bacterial strains had their morphological features intact. Escherichia coli had short rods, smooth surface and round ends with no cellular materials attached to their surfaces. Shigella flexneri had regular rod-shaped cells. Proteus vulgaris remained intact within matrices. Bacillus pumilus cells appeared as intact, smooth and shorts rods while Staphylococcus aureus cells were intact and were typically spherical in shape. On treating them with the extract, there were significant changes in their morphology. In E. coli treated with the extract (Fig. 1B) , no cellular materials were found on the surfaces of most of the cell. Many cells were totally collapsed with depressions in the middle. Few dead cells were elongated with rough surfaces while some were bulged. In Figure 2B , treating S. flexneri with the extract resulted in changing the rod-shaped cells to polygon-shaped, collapsed or squeezed cells that looked coccoid in feature suggesting inflammation and bursting of cells. When P. vulgaris was treated with the extract (Fig. 3B) , the cells were totally damaged. High percentage of the cells collapsed and many cells were shred into pieces. The cell collapsing was observed at both end of each bacterial cell while most treated cells appear longer than the control cells. Treating B. pumilus with the extract caused a massive death of cells (Fig. 4B) . In affected but not shredded cells, there were collapsed twisting cells while few cells were swollen. In Fig. 5B , In determining the differences between the elemental components of these bacterial isolates, the presence of Carbon (C), Nitrogen (N), Oxygen (O), Sodium (Na), Magnesium (Mg), Aluminum (Al), Chlorine (Cl), Silicon (Si), Phosphorus (P), Sulphur (S), Potassium (K), Calcium (Ca) and Copper (Cu) were investigated. The micrographs of the electron dispersive X-ray spectroscopy of these bacterial strains revealed their elemental components as shown in Figure  6 -10. The average weights (%) of the elemental components of the extract-treated group and the control bacteria strains were presented in Table 1 . The results showed that there were significant differences in the weight (%) of the element observed in the extract-treated group in comparison to those of the controls. From the micrographs, the peaks of the elements present in the extract-untreated bacterial strain were higher than those obtained from the treated group. These differences were, however, shown in Table 1 . In comparison to the untreated B. pumilus, extracttreated B. pumilus had increases in the weight (%) of C, N, O, Na, Al, Mg and Cl and reductions in the weight (%) of Si, P, S, K, Ca and Cu. The increases in the C, N and O, which are major elements essential to life, suggested rapid metabolic and growth processes in B. pumilus, possibly, in response to the environmental perturbation due to the presence of the extract. With the exception of P. vulgaris, this observation may be appropriated to other bacterial strains treated with this extract since one of the major elements essential to life was higher in the treated bacteria than the untreated specimens. In comparison to the untreated bacterial cells, Na and Cl were found to increase in weight (%) in all the test isolates. While N, Na, Mg, Al, Si, Cl, K and Cu were found to increase in weight (%) in extract-treated E. coli, Na, Al, S, Cl and K were found to increase in weight (%) in S. flexneri and N, Na, Mg, Cl, K, Ca and Cu had increased in weight (%) in P. vulgaris.
Considering the carbon contents of these cells, the results showed that the carbon It may, therefore, be appropriate to infer from the differences between the elemental components of the two groups of bacteria that the increments was due to the rapid replication, synthesis of micromolecules and rapid growth of these isolates in order to survive in the challenged environment. However, the varied reduction in the elemental components of the treated isolates, compared to those used as control, could be attributed to the ability of the extract to breakdown the synthesized micromolecules and attack the basic mechanisms underlining replication, growth and development in bacteria.
The determination of the lipid and protein leakage ability of this extract showed its ability to cause leakages was time and concentration dependent (Figures 11 and 12) . The lipid and protein leakages that resulted from 2 X MIC were higher than those obtained from 1 X MIC of the extract. In these assays, leaked lipid and protein in S. aureus were the highest compared to those of the other test isolates. While the protein leaked was very high in S. flexneri, this organism had the least lipid leaked from its treatment with the different concentrations of the extract in comparison with those obtained from the other strains. On the other hand, protein leaked from S. aureus at MIC and 2 X MIC were generally higher than those obtained from other bacterial strains.
The amounts of the lipid leaked from the bacteria treated with the MIC ranged from 68 to 325 µg/mL while those of the 2 X MIC ranged between 83.07 and 385.97 µg/mL. While the protein leaked at the MIC ranged between 333.3 and 427.3 µg/mL, those obtained at the 2 X MIC ranged between 354.0 and 542.7 µg/mL. The results showed that there are differences between the concentrations of the lipids and proteins leaked.
DISCUSSION
Many studies have investigated the effect of crude extracts on different bacterial strains to determine one of the possible mechanisms through which they exert their antibacterial activities in vitro [27, 28] . In this study, the scanning electron microscopy (SEM) demonstrated clearly that the ethanol extract of A. mearnsii caused significant ultrastructural changes or damages in the tested bacteria. The morphological changes of varied degrees including bulging, swelling and elongation of intact cells signified the inflow of solutes containing phytochemicals into the cells followed by bursting as shown by the shredded bacterial cells. The shrinking, collapse and depression in the cells could be attributed to ex-osmosis of cytoplasmic contents that resulted in plasmolysis of bacterial cells or imperfect synthesis of the cell wall after treatment. Of significance is the ability of the extract to change the morphology of S. flexneri from rods to polygon shaped cells while most S. aureus cells appeared unaffected. In S. aureus, thickening of the cell wall was a form of defense against antibiotics and compounds that inhibit the cell wall synthesis [29, 30] . The thickened cell walls became more rigid and the thickening affected the membrane permeability so that the cells became more easily broken. Katzung [31] indicated that the cell membranes were also damaged through this process. The morphological changes observed in these bacterial strains could imply that the extract inhibited cell wall synthesis, caused membrane damage and possessed different antibacterial components exerting different mechanisms of action at different target sites.
With respect to the rod-shaped S. flexneri changed to squeezed, collapsed, polygon-shaped cocci and varied elongations observed in other bacterial strains, the inhibition of a significant step in peptidoglycan assembly could be connoted as a possible effect of the extract. Schwarz et al. [32] reported that lateral wall elongation and septum formation were biochemical processes involved during the growth of rod-shaped bacterial cells. Higgins and Shockman [33] showed that cocci expansion occurred through cross wall formation and that the presence of additional genetic information was required for the lateral wall formation. Satta et al. [34, 35] suggested that shape determination and maintenance of bacterial rods depend on the activity of the two biochemical reactions. While Satta et al. [36] showed that the actual shape of rod-shaped bacteria was determined by the balance between these two competing biochemical reactions occurring in the terminal stages of peptidoglycan synthesis, Canepari et al. [37] and Satta et al. [35, 38] reported that correct balance between the two biochemical reactions would result in normal shaped rods. They indicated that prevalence of the reactions for lateral wall elongation would result in long rods while the prevalence of the reactions for septum formation would lead to formation of cocci or coccobacilli. In view of these earlier reports, the distorted shapes of S. flexneri as well as the constriction and the elongations of some cells in other bacterial strains, used in this study, could be attributed to the ability of the ethanol extract to inhibit the reactions leading to septum formation to produce elongated rods in S. flexneri and inhibition of reactions leading to lateral wall elongation in other isolates to produce cocci.
In nature, there is a great breadth of microbial metabolism. Cultivated bacteria convert the chemical energy of a growth substrate to work and biosynthetic processes underlining both survival and replication. Consequently, major elements such as H, C, O, N, P, S, Cl, K, Na, Ca, Mg, Se, Zn, Fe, Mn, Cu, Co, Ni and Mo synthesized during growth have been identified in bacterial cells [39] [40] [41] . These elements have been related to the microorganisms' genes that enable them to persist under selective pressure in a complex and often changing chemical environment [42] . According to Rouf [41] , the inorganic elements present in bacterial samples can be classed into three groups: major, minor and trace elements. Mg, P, K and S are considered major elements being present in relatively high concentrations. Ca, Fe, Zn, and, perhaps, Cu and Mn are considered minor and the rest trace elements. In biological systems, C, N, O, P and S are commonly bonded with H. Since 60% of the cell mass is H 2 O, C, N, O, S and P clustered together with hydrogen to form approximately 97% of an E. coli cell. While Troussellier et al. [43] indicated that the elemental content can vary in taxa, Goldman et al. [44] , Nakano [45] , Fagerbakke et al. [46] and Vrede [47] reported that the growth condition can also affect the elemental composition. Vrede et al. [48] showed that the macromolecule composition of a bacterial cell is affected by both growth rate and nutrient availability. In agreement with these earlier reports, there are variations in the weight (%) of the elemental contents of the different bacteria strains used in this study while the differences between the extract-treated and untreated bacteria could be attributed to the influence of the growth conditions to which they were subjected.
Considering metabolic processes as resulting in cell growth, a lack, inhibition or breakdown of metabolic processes will result in inadequacy of the elements as structural components. Thus, in agreement with Mårdén et al. [49] , Holmquist and Kjelleberg [50] and Troussellier et al. [43] who indicated that growth limitation of C, N and P decreases cell volumes and ultramicrocells of bacteria, the reduction in the weight (%) of some elemental contents of the extract-treated bacteria in comparison with those of the isolates used as control showed that the extract was able to inhibit metabolic processes essential to bacterial existence, cause a breakdown and extrusion of some of the elemental components. On the contrary, the increase in the elemental components of extract-treated bacteria as compared to those of the controls indicated that they metabolized and replicated actively in attempts to survive in the perturbed environment while the synthesized elemental contents were not completely degraded, thereafter, by the phytochemicals in the growth medium.
In addition, bacterial cell walls are made of peptidoglycan which is made from polysaccharide chains cross-linked by unusual peptides containing D-amino acids [51] . The cell membrane, built from lipids and proteins and lying just beneath the cell wall, is a biological membrane that separates the interior of all cells from the outside environment [52] . It is selectively permeable to ions and organic molecules, controls the movement of substances in and out of cells [53] and consists of the lipid layer which embedded proteins. In prokaryotic cells, proteins comprise about one-half of the dry weight [54] . In most bacterial cell membranes, the major phospholipids are neutral phosphoethanolamine (PE), anionic phosphoglycerol (PG) and cardiolipin (CL) [55, 56] . In E. coli cell membrane, PE, PG and CL contents are approximately 80, 6 and 12% [57] Journal of Pure and Applied Microbiology while in S. aureus, cell membrane PE, PG and Cl contents are approximately 0, 58 and 42% [58] . The lipid and protein leaked over a period of time, in this study, signified the disintegration of the cell membrane and bacterial cellular compounds, the kinetic effects of the extract and correlates with the antibacterial activity of the extract. This correlation indicated that the disruption of the cell membranes has played a vital role in the identified morphological changes in the different bacterial strains. Therefore, coupling the morphological changes, breakdown of bacterial elemental contents with the lipid and protein leakages, it could be hypothesized that the mechanism of the antibacterial activity of the extract against these isolates seems to be through inhibition of metabolic processes, cell wall and cell membrane disruption and interference with the stability of the cell membranes to cause efflux of lipid and protein in all bacteria tested. The physiological damages to the cell wall could have started within the first few minutes of treating the bacteria with the extract as indicated by the amount of leakages and the increasing intensity of the lipid and protein in the medium over the sampling periods.
In conclusion, this is the first report associating disintegration of elemental contents of bacterial isolates with the possible antibacterial effects of a medicinal plant. This study showed that morphological damages, differences in the elemental components of treated and untreated bacteria and the lipid and protein leaked were due to or could be associated with the inhibition of significant steps in peptidoglycan synthesis, binding of the antimicrobial agents to the membrane surfaces and subsequent disintegration of the cell membranes. These pharmacological effects could be linked together to give credence to the bactericidal ability of the extract and indicate its possible mechanisms of antibacterial activity against the test isolates. A further study in our research laboratory will possibly elucidate the steps inhibited in peptidoglycan synthesis by this extract.
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